ABSTRACT
Tyrosine hydroxylase [tyrosine 3-monooxygenase; L-tyrosine, tetrahydropteridine:oxygen oxidoreductase (3-hydroxylating), EC 1.14.16.2] (Tyr H'ase) catalyzes the rate-limiting step in catecholamine biosynthesis (1) . Several investigators, using Tyr H'ase from various tissues, have reported that the enzyme is activated by incubation with adenosine 3',5'-cyclic monophosphate (cAMP)dependent protein kinase, cAMP, ATP, and Mg2+ (2) (3) (4) (5) (6) (7) (8) . The enzyme is also activated as a consequence of nerve stimulation, and it has been proposed that the neurally mediated enhancement of enzyme activity (2) results from activation of adenylate cyclase and increased levels of intraneuronal cAMP (3) . Because elevations of intracellular cAMP, activation of cAMP-dependent protein kinase, and protein phosphorylation are associated with electrical stimulation or potassium-induced depolarization of brain slices (9) , it has been presumed that either Tyr H'ase or an activator of the enzyme is phosphorylated when levels of cAMP are elevated in situ. However, earlier efforts to demonstrate direct phosphorylation of Tyr H'ase by cAMP-dependent protein kinase were not successful (4, 10) . More recently, several reports have appeared that suggest that Tyr H'ase may be directly phosphorylated (11) (12) (13) (14) (15) .
In this communication we report that Tyr H'ase purified from rat pheochromocytoma is phosphorylated in the presence of ATP, Mg2+, and the catalytic subunit of cAMP-dependent protein kinase. The phosphorylation of the enzyme is closely correlated with enhancement of enzyme activity in the presence of subsaturating concentrations of reduced pterin cofactor.
MATERIALS AND METHODS Materials. ATP, cAMP, L-tyrosine, Tris, and sucrose were purchased from Sigma. Polyacrylamide, bis-polyacrylamide, N,N,N',N'-tetramethylethylenediamine, and ammonium persulfate were purchased from Bio-Rad, and L- [1- Tyr H'ase was precipitated with solid ammonium sulfate, between 30% (16.8 g/100 ml) and 42% (24.4 g/100 ml) saturation, and centrifuged and the pellet was suspended in 20 ml of dialysis buffer. The enzyme was then dialyzed overnight against 50 mM potassium phosphate, pH 7.0/7.5 mM 2-mercaptoethanol. The material was then loaded on a 5 X 15 cm DEAE-cellulose column equilibrated with 50 mM potassium phosphate, pH 7.0/7.5 mM mercaptoethanol/1 mM EDTA. The column was washed at a flow rate of 3 ml/min with 300 ml of equilibration buffer containing 40 mM NaCl. The major portion of Tyr H'ase activity subsequently was eluted with 300 ml of 120 mM NaCl dissolved in the equilibration buffer. Five-milliliter fractions were collected and assayed, and the enzyme-containing fractions, which generally were found in elution fractions 20-40, were pooled and adjusted to pH 7.6 with 2 M NaOH. Tyr H'ase was precipitated with 44% (25.7 g/100 ml) ammonium sulfate. The pellet was dissolved in 20 ml of 10 mM potassium phosphate, pH 8.2/10% glycerol (vol/vol)/1 mM dithiothreitol, and the solution was placed on a 3 X 10 cm hydroxylapatite column equilibrated in the same buffer. Tyr H'ase activity was eluted at a flow rate of 1 ml/min, with a linear gradient of 10-200 mM potassium phosphate (pH 8.0), in 500 ml total volume. Three-milliliter fractions were collected and assayed and the active fractions were pooled. The activity eluted between 30 and 60 mM potassium phosphate. The enzyme was concentrated by ammonium sulfate precipitation (50% saturation, 29.8 g/100 ml). The pellet was resuspended in 0.4 ml of dialysis buffer and dialyzed for 2 (21) .
Electrophoresis. NaDodSO4 gel electrophoresis was performed by the method of Laemmli (22) . Standards used to determine the subunit molecular weight of Tyr H'ase were bovine serum albumin (dimer, Mr 134,000; monomer, Mr 67,000), catalase subunit (Mr 60,000), ovalbumin (Mr 45,000), and lactate dehydrogenase subunit (Mr 36,000).
All protein concentrations were determined by the method of Lowry et al. (23) , with bovine serum albumin as the standard. RESULTS Purified Tyr H'ase from rat pheochromocytoma can be activated under conditions that are optimal for protein phosphorylation when assayed at subsaturating cofactor concentrations. The activated enzyme showed a decreased Km (from 480 MM to 120 AM) for the pterin cofactor, 6-MePtH4 ( Fig. 1 A and B), with no change in either the Km for the substrate tyrosine (74 ,M) or the V... of the reaction (Fig. 1C) . Under identical assay conditions, the crude Tyr H'ase was also activated in a similar manner when exposed to phosphorylating conditions. Both crude and purified Tyr H'ase, in the absence of exogenous cAMP,. ATP, and protein kinase, exhibited linear kinetics when analyzed by the method of Lineweaver and Burk at different tyrosine concentrations (Fig. 1C) . However, when a similar analysis was performed in the presence of different cofactor concentrations, a deviation from linear kinetics was obtained (Fig. 1B) . The observed nonlinear kinetics were transformed to linear kinetics when Tyr H'ase was assayed under conditions that were optimal for protein phosphoryl- Fig. 2A) and proportional to the amount of catalytic subunit present during the 15-min preincubation at 30'C. In the presence of a fixed amount of catalytic subunit (2 pig), the activation increased in proportion to the duration of the preincubation, up to 15 min (Fig. 2B ).
The activation of Tyr H'ase was highly correlated with the amount of 32p incorporated into trichloroacetic acid-precipi- 
Mg2h
ave not been presented previously. By use of a highly purified preparation of Tyr H'ase, the relationship between Tyr H'ase activation and direct phosphorylation was examined in this study.
Both the dialyzed 100,000 X g pheochromocytoma supernatant enzyme and the purified Tyr H'ase exhibit nonlinear kinetics by Lineweaver-Burk analysis when assayed at different 6-MePtH4 concentrations. These "curved-line" kinetics are indicative of either negative cooperativity or the presence of two forms of the enzyme (Fig. 1B) (27) . Exposure of the enzyme to phosphorylating conditions results in activation of the enzyme, accompanied by a conversion of the Lineweaver-Burk relationship to a linear form. The conversion from curved-line kinetics to straight-line kinetics is compatible with the conversion of Tyr H'ase from a state in which both the less active and more active forms of enzyme, with differing Km values for pterin cofactor, coexist to a state in which the enzyme is almost exclusively in the more active form. Similar kinetics are observed for Tyr H'ase from guinea pig vas deferens (2) and adrenal medulla (6) . By using the equations reported for the determination of the relative amounts of two forms of an enzyme with different substrate affinities but similar maximal velocities (6, 28), we estimate that, in the purified preparation (Fig. 1B) , 30-40% of the Tyr H'ase exists in the activated form.
If the hypothesis of direct enzyme phosphorylation is correct, then a direct relationship between the amount of phosphate incorporated and the degree of activation of Tyr H'ase should be observed. This correlation is obtained both when the amount of catalytic subunit added ( Fig. 2A) and when the length of the preincubation under phosphorylating conditions, for up to 15 min at 300C, are varied (Fig. 2B ). As indicated in Fig. 2A In summary, we have demonstrated the direct phosphorylation of Tyr H'ase by cAMP-dependent protein kinase catalytic subunit. Because nerve stimulation results in activation of the enzyme to a form with kinetic properties similar to those observed for the phosphorylated enzyme (2), it is possible that this is the mechanism by which Tyr H'ase is activated during nerve stimulation. We conclude that Tyr H'ase is a substrate of cAMP-dependent protein kinase in vitro and, presumably, in
